This paper presents the evaluation of the diversity performance of several two-antenna systems for UMTS terminals. All the measurements are done in a reverberation chamber and in a Wheeler cap setup. First, a two-antenna system having poor isolation between its radiators is measured. Then, the performance of this structure is compared with two optimized structures having high isolation and high total efficiency, thanks to the implementation of a neutralization technique between the radiating elements. The key diversity parameters of all these systems are discussed, that is, the total efficiency of the antenna, the envelope correlation coefficient, the diversity gains, the mean effective gain (MEG), and the MEG ratio. The comparison of all these results is especially showing the benefit brought back by the neutralization technique.
INTRODUCTION
Nowadays, wireless mobile communications are growing exponentially in several fields of telecommunications. The new generation of mobile phones must be able to transfer large amounts of data and consequently increasing the transfer rate of these data is clearly needed. One solution is to implement a diversity scheme at the terminal side of the communication link. This can be done by multiplying the number of the radiating elements of the handset. In addition, these radiators must be highly isolated to achieve the best diversity performance. Also, the antenna engineers must take into account the radiator's environment of the handset to design suitable multiantenna systems. In practice, the terminal can be considered to operate in a so-called multipath propagation environment: the electromagnetic field will take many simultaneous paths between the transmitter and the receiver. In such a configuration, total efficiency, diversity gain, mean effective gain (MEG), and MEG ratio are the most important parameters for diversity purposes.
Only few papers are actually focusing on the design of a specific technique to address the isolation problem of several planar inverted-F antennas (PIFAs) placed on the same finite-sized ground plane and operating in the same frequency bands. In [1, 2] , the authors are evaluating the isolation between identical PIFAs when moving them all along a mobile phone PCB for multiple-input multiple-output (MIMO) applications. The same kind of work is done in [3] [4] [5] [6] for different antenna types. The best isolation values are always found when the antennas are spaced by the largest available distance on the PCB, that is, one at the top edge and the other at the bottom. Excellent studies can be found in [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , but no specific technique to isolate the elements is described in these papers. One solution is reported in [17] , however, for two thin PIFAs for mobile phones operating in different frequency bands (GSM900 and DCS1800). It consists in inserting high-Q-value lumped LC components at the feeding point of one antenna to achieve a blocking filter at the resonant frequency of the other. This solution gives significant results in terms of decoupling but strongly reduces the frequency bandwidth. Another very interesting solution reported in [18, 19] consists in isolating the antennas by a decoupling network, at their feeding ports, this solution suffers from the fact that in small handsets available space is restricted. Finally, a promising solution is described in [20] , but in this work the PIFAs are operating around 5 GHz.
Some authors of the current paper have already designed and fabricated several multiantenna structures for mobile phone applications. In [21] , the isolation problem has been addressed for closely spaced PIFAs operating in very close frequency bands with the help of a neutralization technique. Recently, several two-antenna systems operating in the UMTS band (1920-2170 MHz) and especially including neutralization line to achieve high isolation between the feeding ports of their radiating parts have been designed for diversity and MIMO applications [22] . Two prototypes have already been characterized in terms of scattering parameters, total efficiency, and envelope correlation coefficient. The obtained results show that these structures have a strong potential for an efficient implementation of a diversity scheme at the mobile terminal side of a wireless link. However, to completely characterize these prototypes, some particular facilities and the associated expertise are needed [23] . The antenna group of Chalmers Institute of Technology possesses these capabilities through the Bluetest reverberation chamber [24] . This paper is the result of a short-term mission granted by the COST 284. The antenna-design competencies of the LEAT have been combined with the reverberation chamber measurement skills of the antenna group of Chalmers Institute of Technology. Several prototypes have been measured at Chalmers in terms of total efficiency, diversity gain, envelope correlation coefficient, and mean effective gain. Efficiency results are compared with the same measurements obtained through a homemade Wheeler Cap at the LEAT. The envelope correlation coefficient, the MEG, and the MEG ratio calculated from simulated values are also presented and compared [23, [25] [26] [27] . We focus on the comparison of the performance of an initial two-antenna system with two different neutralized structures and especially the benefit brought back by the neutralization technique.
DESIGNED STRUCTURES AND S-PARAMETER MEASUREMENTS
The multiantenna systems were designed using the electromagnetic software tool IE3D [28] . The initial two-antenna system is presented in Figure 1 (the design procedure was already described in [22] (18 mm at 2 GHz). They are fed by a metallic strip soldered to an SMA connector and shorted to the PCB by an identical strip. Each PIFA is optimized to cover the UMTS band (1920-2170 MHz) with a return loss goal of −6 dB. The optimized dimensions are of 26.5 mm length and of 8 mm width. A prototype was fabricated using a 0.3-mm-thick nickel silver material (conductivity σ = 4 × 10 6 S/m). In Figure 2 , we present the simulated and the measured S-parameters of the structure. The absolute value S 21 reaches a maximum of −5 dB in the middle of the UMTS band.
In the first attempt to improve the isolation between the radiating elements, a suspended line as a neutralization device was inserted between the shorting strips of the two PIFAs (see Figure 3) . The optimization of this line was already explained in [21] . Figure 4 shows the S-parameters of this new structure. We can see a good matching and a strong improvement of the isolation in the bandwidth of interest: the measured S 21 parameter always remains below −15 dB. However, a different isolation can be obtained if we implement the same neutralization technique between the two feeding strips A. Diallo et al. of the PIFAs (see Figure 5 ). We can observe in Figure 6 that a deep null is now achieved in the middle of the UMTS band. Moreover, the measured S 21 always remains below −18 dB in the whole UMTS band. All these values seem to be very satisfactory for diversity purposes.
COMPARISON OF THE DIVERSITY PERFORMANCE

Total efficiency
Traditionally, the radiation performance of an antenna is measured outdoors or in an anechoic chamber. In order to obtain the total efficiency, we need to measure the radiation pattern in all directions in space and integrate the received power density to find the total radiated power. This gives the total efficiency when compared to the corresponding radiated power of a known reference antenna. This final result is obtained after a long measurement procedure. This parameter can be measured very much faster and easier in a reverberation chamber. However, it is necessary to measure a reference case (a dipole antenna having an efficiency of 96% in our case) and then the antenna system under test (AUT). It is also important that the chamber is loaded in exactly the same way for these both measurements. For the reference case, the transmission between the reference antenna and the excitation antennas is measured in the chamber with the reference antenna in free space that means at least half a wavelength away from any lossy objects and/or the metallic walls of the chamber. As soon as the reference case is completed, we can measure the AUT. From both measurements, we can then compute P ref (1) and P AUT (2):
where S 21 is the averaged transmission power level, S 11 is the free space reflection coefficient of the excitation antenna, and S 22 is the free space reflection coefficient of the reference antenna (or the antenna under test). The − denotes averaging over n positions of the platform stirrer, polarization stirrer, and mechanical stirrers. The total efficiency can be then calculated from (3) Figure 7 shows the total efficiency in dB of all the antenna systems (without the neutralization line (a), with the line between the feeding strips (b), and with the line between the shorting strips (c)). The simulated curves have been obtained with the help of IE3D which uses the simulated scattering parameters. The experimental curves have been measured in the reverberation chamber and with the help of a homemade Wheeler-Cap setup [16] . With frequency averaging, the standard deviation of the efficiency measurements is 4 EURASIP Journal on Wireless Communications and Networking given as +/ − 0.5 dB in the reverberation chamber. The uncertainty of the homemade Wheeler Cap system is assumed to be quite the same. The total efficiency of both antennas from each prototype is presented. It can be seen that they are slightly different in the two measurement cases (dotted lines and solid lines) due to the fact that the fabricated prototypes suffer from small inherent asymmetries. However, only one curve is presented for each simulation case due to perfect symmetries and identical structure on the CAD software. We can observe that all these curves are in a good agreement especially if we compare their maximums. The small frequency shift observed in all the curves with the dotted lines is due to the fact that the antenna was mechanically modified during transportation for measurement, and therefore frequency is detuned. This effect impacts directly the S 11 and then the frequency location of the maximum of the total efficiency. The improvement brought by the neutralization technique is clearly shown: the maximum total efficiency of the neutralized antennas is around −0.25 dB, whereas the one of the initial structure is less than −1 dB.
Mean effective gain and mean effective gain ratio
In order to characterize the performance of a multichannel antenna in a mobile environment, different parameters as the MEG and the MEG ratio are used. The total efficiency is the average antenna gain in the whole space. Equation (4) shows that it can be calculated from the integration of the radiation pattern cuts
where G θ and G ϕ are the antenna power gain patterns. The MEG is a statistical measure of the antenna gain in a mobile environment. It is equal to the ratio of the mean received power of the antenna and the total mean incident. It can be expressed by (5) as in [6] :
where P θ and P ϕ are the angular density functions of the incident power, and XPR represents the cross-polarization power gain which is defined in (6):
In the case where the antenna is located in a statistically uniform Rayleigh environment (i.e., the case in the reverberation chamber), we have XPR = 1 and P θ = P ϕ = 1/4π. The MEG is then equal to the total antenna efficiency divided by two or −3 dB [27] . Moreover, to achieve good diversity gain, the average received power from each antenna element must be nearly equal: this corresponds to getting the ratio of the MEG between the two antennas close to unity [29] . Table 1 presents η tot and the MEG of both antennas for the three prototypes at f = 2 GHz. The "Sim." values have been computed using the simulated radiation patterns while the reverberation chamber results "RC" are taken from the previous measurements.
The neutralization line provides an enhancement of the η tot and the MEG as expected from the previous values. The improvement of the MEG is about 0.7 dB with regard to the initial structure. Table 2 presents the MEG ratio between the two antennas of the different prototypes (computed from the RC MEG) at 2 GHz. It is seen that the antennas have comparable-average-received power because these entire ratios are close to unity. Such a result was somewhat expected due to the symmetric antenna configuration of our prototypes. In fact, the MEG difference only shows here the prototyping errors we made during the fabrication process. Nevertheless, all the results of this section confirm the benefit of using a neutralization technique between the radiators.
Correlation
For diversity and MIMO applications, the correlation between the signals received by the antennas at the same side of A. Diallo et al. a wireless link is an important figure of merit. Usually, the envelope correlation is presented to evaluate the diversity capabilities of a multiantenna system [30] . This parameter should be preferably computed from 3D-radiation patterns [31, 32] , but the process is tedious because sufficient pattern cuts must be taken into account. In the case of a two-antenna system, the envelope correlation ρ e is given by (7) as in [31, 32] :
where F i = (θ, ϕ) is the field radiation pattern of the antenna system when the port i is excited, and • denotes the Hermitian product. However, assuming that the structure will operate in a uniform multipath environment, a convenient and quick alternative consists by using (8) (see [31] [32] [33] ):
It offers a simple procedure compared to the radiation pattern approach, but it should be emphasized that this equation is strictly valid when the three following assumptions are fulfilled:
(i) lossless antenna case that means having antennas with high efficiency and no mutual losses [29, 30] ; (ii) antenna system is positioned in a uniform multipath environment which is not strictly the case in real environments, however, the evaluation of some prototypes in different real environments has already shown that there are no major differences in these cases [34] ; (iii) load termination of the nonmeasured antenna is 50 Ω.
In reality, the radio front-end module does not always achieve this situation, but the 50 Ω evaluation procedure is commonly accepted [35, 36] .
All these limitations are clearly showing that in real systems the envelope correlation calculated based on of the help of the S i j parameters is not the exact value, but nevertheless is a good approximation. In addition, it should be noted that antennas with an envelope correlation coefficient less than 0.5 are recognized to provide significant diversity performance [30] .
To measure the correlation between the antennas of our systems in the reverberation chamber, each branch is connected to a separate receiver. The two different received signals are recorded, and the envelope correlation can be directly computed. Figure 8 presents the measured envelope correlation coefficients of all the antenna systems. They are compared with those obtained using (7) (computation from the simulated IE3D complex 3D-radiation patterns) and with those obtained using (8) (measured S-parameter values). All these curves are in a moderate agreement, but it can be seen that the envelope correlation coefficients of all the prototypes are always lower than 0.15 on the whole UMTS band: good performance in terms of diversity is thus expected [1] . Here, it is however somewhat difficult to claim that the neutralization technique provides an improvement of the correlation. It seems rather obvious that with such spaced antennas operating in a uniform multipath environment, low correlation is not very difficult to achieve.
Apparent diversity gain and actual diversity gain
The concept of diversity means that we make use of two or more antennas to receive a signal and that we are able to combine the replicas of the received signal in a desirable way to improve the communication link performance. One requirement is high isolation between the antennas; otherwise the diversity gain will be low. The apparent diversity gain G div app relative to antenna1 and the actual diversity gain G div act are defined in (9)
where η tot1 is the total efficiency of antenna1. Note that these formulas are valid only if the noise signals N 1 (and N 2 for the second antenna) are independent of the total efficiency. This is the case if the system noise is dominated by those of the receivers or if the antenna noise temperature is the same as the surrounding temperature. The last condition is often close to being satisfied in mobile systems because the antenna is rather omnidirectional and picks up thermal noise mainly from the environment (ground, buildings, trees, human) around the antenna, and less from the low sky temperature.
We can see in Figure 9 the power samples of each twoantenna system (without the neutralization line (a), with the line between the feeding strips (b), and with the line between the shorting strips (c)) averaged over a 20-MHz frequency band at 2 GHz. We can observe that the combined signal curves with the selection combining scheme (solid lines) are steeper than the two curves of the antenna elements taken alone (dotted lines). This is the benefit of combining the two signals received by each antenna of the structure. By just looking at the curves in Figure 9 , the uncertainty is undoubtedly very large. This is due to the obvious lack of samples at low-probability levels coming from the measurement procedure.
The apparent diversity gain is determined by the powerlevel improvement at a certain probability level. In Figures  9(a) , 9(b), and 9(c), we have chosen 1% probability. It is then the difference between the strongest antenna element curve and the combined signal curve. The power improvement is 7.6 dB for the system with low isolation, whereas it is 8.8 dB and 9.1 dB for the system with high isolation, respectively, for the line between the shorting strips and the line between the feeding strips. As the total efficiency is not taken into account in the apparent diversity gain, the improvement only comes from the fact that the radiation patterns are slightly different in the case of the two neutralized structures. Especially, an increase of the cross-polarization level occurs in the radiation patterns of the neutralized structures due to the 8 EURASIP Journal on Wireless Communications and Networking fact that a strong current is flowing on the line. This increase of the X-pol appears to be beneficial for the diversity gain. When taking into account the total efficiency of the antennas, we can compute the actual diversity gain as 6.3 dB for the initial system, 8 dB and 8.6 dB for the neutralized shorting strips and feeding strips systems, respectively. The data from Figure 9 were also processed with the smooth function of MATLAB [37] in order to evaluate the validity of our measurements. Several "smooth steps" were tried out in this operation and the new curves are presented in Figure 10 . It appears that all the apparent diversity gains were formerly underestimated. The new actual diversity gains are now 7.8 dB, 8.8 dB, and 9.5 dB for, respectively, the initial, the neutralized shorting strips and feeding strips systems. A summary of all these values can be found in Table 3 . It seems obvious that the neutralization technique enhances the actual diversity gain. These results are consistent with other publications [38] and even better due to the use of highly efficient antennas here. We should also point out that the apparent diversity gain and the actual diversity gain are not so much different due to the same reason [39] .
CONCLUSION
In this paper, we have presented different two-antenna systems with poor and high isolations for diversity purposes. The reverberation chamber measurements at the antenna group of Chalmers University of Technology have shown that even if the envelope correlation coefficient of these systems is very low, having antennas with high isolation will improve the total efficiency and the effective diversity gain of the system. The same conclusions have been drawn regarding the MEG values. All these results point out the usefulness of our simple solution to achieve efficient antenna systems at the terminal side of a wireless link for diversity or MIMO applications. Next studies will focus on the effect of the users upon the neutralization technique by positioning the antenna systems next to a phantom head.
